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Repetitive performance of a task can result in learning. The neural mechanisms underpinning such use-dependent plasticity are
influenced by several neuromodulators. Variations in neuromodulator levels may contribute to the variability in performance
outcomes following training. Circulating levels of the neuromodulator cortisol change throughout the day. High cortisol levels
inhibit neuroplasticity induced with a transcranial magnetic stimulation (TMS) paradigm that has similarities to use-dependent
plasticity.Thepresent study investigatedwhether performance changes following amotor training task aremodulated by time of day
and/or changes in endogenous cortisol levels. Motor training involving 30minutes of repeatedmaximum left thumb abduction was
undertaken by twenty-two participants twice, once in the morning (8AM) and once in the evening (8 PM) on separate occasions.
Saliva was assayed for cortisol concentration. Motor performance, quantified by measuring maximum left thumb abduction
acceleration, significantly increased by 28% following training. Neuroplastic changes in corticomotor excitability of abductor
pollicis brevis, quantified with TMS, increased significantly by 23% following training. Training-related motor performance
improvements and neuroplasticity were unaffected by time of day and salivary cortisol concentration. Although similar neural
elements and processes contribute to motor learning, training-induced neuroplasticity, and TMS-induced neuroplasticity, our
findings suggest that the influence of time of day and cortisol differs for these three interventions.
1. Introduction
Learning a newmotor task is associatedwith an improvement
in performance. The neural adaptations to training that
contribute to performance improvements depend on the type
and duration of training. For example, learning to juggle daily
for six weeks leads to structural changes in white matter
density that persist for four weeks following cessation of
training [1]. Shorter periods of training (30mins) also lead
to neural changes [2], but these changes are less enduring.
Irrespective of the duration and type of training, motor
learning can be divided into fast and slow learning phases, but
the time involved in acquiring the performance gains in the
different phases of learning is verymuch task specific [3]. Fast
learning occurs after a single session of training, whilst slow
learning occurs after several sessions, and involves “off-line”
consolidation [4].The relatively short time course involved in
inducing training-related changes in cortical activity with fast
learning makes these types of protocols particularly suitable
for studying the neural adaptations to training, and is the type
of learning involved in the present study. The neural changes
associated with training also vary considerably between
individuals. Some of the factors that influence an individual’s
neural response to training include genetic polymorphisms
(e.g., brain-derived neurotrophic factor) [5, 6], attention [7],
and age [8]. A key goal of neurorehabilitation research is
to understand the mechanisms involved in mediating the
effectiveness of training, thereby allowing for better targeted
interventions. In this context, although repetitive training
of tasks or movements is most obviously associated with
rehabilitation for motor disorders, such as those induced
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by stroke, it also forms the basis of several rehabilitation
interventions in cognitive neuropsychology, such as anxiety
[9] and depression [10].
The development of various noninvasive brain stimu-
lation techniques, such as transcranial magnetic stimula-
tion [11], has provided the opportunity to more effectively
probe neural adaptation to training in humans. Further-
more, experimental paradigms now exist that can induce
changes in human cortex that modify neural pathways in
a similar way to motor training. These paradigms involve
either direct cortical stimulation [12–14], a combination of
both peripheral and cortical stimulation [15–17], or repetitive
peripheral stimulation [18, 19]. When targeted to the motor
cortex, the same (or at least spatially very similar) circuits
are modulated with these experimental paradigms as with
repetitivemotor training [2, 20–22]. Furthermore, the factors
that are important in modulating training-related changes in
performance (e.g., genetics, attention, and age) also influence
how the brain responds to the various noninvasive brain
stimulation techniques (e.g., [8, 23, 24]).
Time of day is one factor that has recently been shown
to influence the magnitude of experimentally-induced neu-
roplasticity in human motor cortex. Using one such tech-
nique (paired associative stimulation; PAS) to induce plas-
ticity within the human motor cortex [15], neuroplasticity
induction was shown to be more effective and reproducible
when experiments were performed in the afternoon [25]
or evening [26] compared with the morning. The time of
day modulation of neuroplasticity induction is due, at least
in part, to changes in circulating cortisol levels [26]. This
finding suggests that neurorehabilitation of motor function
should be more effective if carried out in the afternoon, but
the effect of time of day on training-induced neuroplasticity
has not been investigated. We hypothesised that if the
neural circuits that drive neuroplastic change following PAS
are similar to those altered during motor training, then
improvements in motor performance and training-induced
neuroplasticity will be greater in the evening compared
with the morning. We also predicted that these differ-
ences will be associated with changes in circulating cortisol
levels.
2. Materials and Methods
2.1. Participants. Twenty-two right-handed participants
(aged 19–37 years; 10 females) completed the study, which
was approved by the University of Adelaide Human Research
Ethics Committee. All participants had no known history of
neurological conditions and gave written informed consent
to participate in the study. Each participant attended two
separate experimental sessions, once in the morning (8 AM)
and once in the evening (8 PM). The experimental sessions
were separated by at least one week, and the order was
randomised.
2.2. Recording. Surface electromyographic (EMG) record-
ings were made from left abductor pollicis brevis (APB)
muscle. EMG signals were amplified (×1000), filtered (20–
500Hz), and digitized (2000Hz) using a CED 1401 interface
(Cambridge Electronic Design) and stored on computer for
off-line analysis.
Acceleration recordings were made from the left thumb
using a dual-axis accelerometer (ADXL311 Analog Devices
Inc., MA, USA). The accelerometer was affixed to a splint
that was taped to the second phalanx of the thumb, with its
axes aligned to record abduction and flexion about the joint.
Acceleration signals were amplified (×3), filtered (low pass
50Hz), digitized (2000Hz) using a CED 1401 interface, and
stored on a computer for off-line analysis. Participants were
provided with visual feedback about abduction and flexion
acceleration for each trial and were encouraged to minimise
flexion movements throughout the experiment. Flexion data
were not further analysed.
2.3. Motor Training (MT) Task. The MT task involved rapid
abduction of the thumb and has been previously described
[2, 17]. The left hand was placed in a device that constrained
the left forearm in mid-range supination and maintained the
wrist in ∼45 degrees extension. The left shoulder was kept in
a neutral position (slight external rotation), and the elbow
was flexed at ∼90 degrees. The device allowed movement of
the thumb in all planes. The MT task consisted of repeated
abduction of the left thumb at maximal acceleration, paced
by an auditory tone (1000Hz tone, 100ms duration) once
every 2 seconds for 30 minutes. Participants were provided
with performance feedback that consisted of visual display
of maximum thumb acceleration on a computer screen for
each trial, as well as verbal encouragement throughout the
MT task. Such a training task has been shown to demonstrate
features of motor learning such as long-term improvement in
performance [20, 27] and the ability to interact with factors
that influence learning [2, 20, 21]. It has, therefore, been used
by several groups [2, 17, 20, 21, 27] as a model of (fast) motor
learning.
2.4. Quantification of Training-Induced Changes
2.4.1. MaximumThumb Abduction Acceleration. To quantify
the effect of the MT task on motor performance, ten trials
of maximal left thumb abduction acceleration were obtained
prior to and following the MT task. In order for participants
to familiarise themselves with the required task, they were
allowed a few (<5) practice trials of the thumb abduction task
at the start of the first experimental session only.
2.4.2. Transcranial Magnetic Stimulation (TMS). Cortical
excitability changes associated with the MT task were quan-
tified using TMS. All participants completed a TMS safety
screen [28] and were excluded if there was a family history
of epilepsy, were taking any neuroactive drugs, or had under-
gone neurosurgery. Monophasic TMS was applied through
a figure-of-eight coil (outer diameter of each wing 90mm)
which was connected to a Magstim 200 magnetic stimulator
(Magstim, Whitland, Dyfed, UK). The coil was held tangen-
tially to the skull with the handle pointing backwards and
laterally at an angle of 45∘ to the sagittal plane at the optimal
scalp site to evoke a motor evoked potential (MEP) in the
relaxedAPBmuscle of the left hand.With this coil placement,
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current flow was induced in a posterior-to-anterior direction
in the brain. The optimal scalp position was marked with
a pen, and the coil was held by hand, with the position
continually checked during TMS. Prior to MT, the TMS
intensity required to produce MEPs with a peak-to-peak
amplitude of between 0.5 and 1.0mV was determined (SIpre).
Ten MEPs using SIpre were obtained prior to MT (0.2Hz),
and then again following MT. The cortical excitability data
were obtained immediately prior to the maximum thumb
abduction acceleration data for both before and after MT.
2.5. Experimental Protocol. Motor performance was assessed
by measuring maximum left thumb abduction acceleration
prior to (pre-MT) and five minutes following MT (post-
MT). Thumb acceleration data were obtained immediately
after MEP trials. Participants were given verbal and visual
encouragement to perform their best possible thumb accel-
erations. There was no restriction on the frequency of
thumb acceleration trials during the pre-MT and post-MT
assessment periods.
Maximum thumb acceleration data were collected during
the MT task and later analysed for rate of improvement
in thumb acceleration and standard deviation of thumb
acceleration during training (see Section 2.7).
Cortical excitability was assessed by measuring mean
peak-to-peak amplitude of the APB MEP at rest. It was cal-
culated by averaging the individual peak-to-peak amplitudes
of MEPs elicited by 10 TMS (0.2 s−1, intensity SIpre) delivered
immediately prior to (pre-MT) and five minutes following
MT (post-MT).
2.6. Salivary Cortisol Assay. Saliva samples were collected
from each participant prior to commencement of MT and
at the end of each experiment. Saliva was frozen at −20∘C
until assayed. On the day of assay, the saliva samples were
thawed and centrifuged. Twenty-five 𝜇L of saliva was assayed
in duplicate for cortisol by ELISA (HS-Cortisol; Salimetrics,
LLC, State College, PA, U.S.A.).
2.7. Statistical Analysis. Separate two-way repeated measures
analyses of variance (ANOVAs) were performed on thumb
acceleration and APB MEP amplitude with within-subject
factors intervention (two levels: pre-MT and post-MT) and
time of day (two levels: AM and PM).
To investigate changes in thumb acceleration during the
MT task, data were divided into six separate five-minute
epochs (0–5mins, 5–10mins, 10–15mins, 15–20mins, 20–
25mins, and 25–30mins). Mean APB acceleration and the
standard deviation (SD) of APB acceleration were calculated
for the separate epochs. Separate two-way repeated measures
ANOVAs were performed on the mean thumb acceleration
and SD data with within-subject factors EPOCH (six levels:
0–5mins, 5–10mins, 10–15mins, 15–20mins, 20–25mins,
and 25–30mins), and time of day.
A two-way repeated measures ANOVA was performed
on salivary cortisol concentration with within-subject factors
intervention and time of day.
Linear regression analysis was used to assess a relation-

























Figure 1: Improvement in maximum thumb acceleration after
motor training is not influenced by time of day. Average (𝑛 =
10) maximum left APB abduction acceleration readings (mean ±
SEM) recorded from 22 participants who participated in two
experimental sessions: morning (AM) or evening (PM) on separate
occasions. Average maximum thumb acceleration values are shown
before (pre-MT) and after (post-MT) motor training. Maximum
acceleration increased significantly following motor training, and
this effect was independent of time of day.
in motor performance with training (max. acceleration
post-MT/max. acceleration pre-MT) and change in cor-
tical excitability (APB MEP facilitation: post-MT MEP
amplitude/pre-MT MEP amplitude). The salivary corti-
sol concentration data were log transformed to improve
homoscedasticity. The strength of the relationship was quan-
tified by the coefficient of determination (𝑟2).
For all analyses, 𝑃 < 0.05 was chosen as the significance
level, and unless stated otherwise, all group data are reported
as mean ± SEM. Bonferroni post-hoc tests for multiple
comparisons were performed as appropriate.
3. Results
3.1. Motor Performance and Motor Training. A two-way
ANOVA revealed that MT significantly increased maximum
thumb acceleration by 28% (𝐹
1,21
= 22.61, 𝑃 < 0.001; see
Figure 1), but MT was not influenced by time of day (𝐹
1,21
= 0.284, 𝑃 = 0.599). In addition, there was no significant
interaction between intervention and time of day (𝐹
1,21
=
1.543) indicating that the improvement in thumb acceleration
following training was independent of time of day. With 22
participants, an effect size of 0.241 (partial 𝜂2 = 0.055) and
with an 𝛼 error of 0.05, the power to detect an effect was 0.74.
Mean maximum acceleration values during the MT
task are shown in Figure 2(a). Two-way repeated measures
ANOVArevealed a significant effect of EPOCH(𝐹
5,105
= 13.01,
𝑃 < 0.001). Post-hoc analysis revealed that mean maximum
acceleration during the 0–5 minutes epoch was significantly

























































Figure 2: Time of day did not influence neither the maximum left thumb acceleration nor the standard deviation of maximal thumb
acceleration during a motor training task. Average APB peak abduction acceleration (a) and standard deviation (b) values (mean ± SEM)
were recorded from 22 participants during a motor training task on two separate occasions: morning (AM) and evening (PM). Data are
divided into six 5-minute epochs for the motor training task (0–5mins, 5–10mins, 10–15mins, 15–20mins, 20–25mins, and 25–30mins).
Acceleration increased significantly during MT, for both morning and evening sessions. The trial-to-trial variability of acceleration (SD) did
not change during MT, and this effect was similar in morning and evening sessions.
(𝑃 < 0.001), 20–25 minutes (𝑃 < 0.001), and 25–30 minutes
epochs (𝑃 < 0.001). Mean maximum acceleration during
the 5–10 minutes epoch was significantly less than during the
15–20 minutes (𝑃 < 0.001), 20–25 minutes (𝑃 < 0.001),
and 25–30 minutes (𝑃 < 0.001) epochs. Mean maximum
acceleration during the 10–15minutes epochwas significantly
less than during the 20–25minutes (𝑃 = 0.002) epoch.Motor
performance during the MT task was not influenced by time
of day (𝐹
1,105
= 0.885). The interaction term epoch × time
of day was not significant (𝐹
5,105
= 1.322), indicating that
the improvement in performance during the MT task was
independent of time of day.
The variability ofmaximum thumb acceleration data dur-
ing the MT task is shown in Figure 2(b). Two-way repeated
measures ANOVA revealed no significant effect of epoch on
the standard deviation of maximum thumb acceleration data
during the MT task (𝐹
5,105
= 1.026, 𝑃 > 0.05). The SD of
acceleration during the MT task was not influenced by time
of day (𝐹
1,105
= 0.003,𝑃 > 0.05).The interaction term epoch×
time of day was also not significant (𝐹
5,105
= 0. 432, 𝑃 > 0.05).
3.2. MEP Changes and Motor Training. TMS intensity that
was used to evoke test MEPs was 5% higher in the evening
(73.6 ± 2.8% MSO) compared with the morning (70.4 ±
2.4% MSO) (paired t-test, 𝑃 = 0.037). Despite a time
of day difference in test TMS intensity, pre-MT APB MEP
amplitudes were not significantly different between groups
(AM = 0.65 ± 0.07mV; PM = 0.67 ± 0.07mV; paired t-test).
Two-way ANOVA revealed a significant effect of motor
training onMEP amplitude (intervention effect:𝐹
1,21
= 4.463,
𝑃 = 0.047). APB MEP amplitude increased significantly by
23% following MT (Figure 3). There was no effect of time of
day onMEP amplitude (𝐹
1,21
= 0.165, 𝑃 = 0.688). In addition,
there was no significant interaction between intervention and
time of day (𝐹
1,21
= 0.086) indicating that the increase in
MEP amplitude following MT was independent of time of
day. With 22 participants, an effect size of 0.222 (partial 𝜂2 =
0.047) and with an 𝛼 error of 0.05, the power to detect an
effect was 0.66.
3.2.1. MEP Changes, Motor Performance, and Salivary Cor-
tisol Concentration. Linear regression analysis between the
changes in motor performance (acceleration) with training
and the extent of APB MEP facilitation associated with
training showed no significant relationship (𝑟2 < 0.01). These
results are shown in Figure 4.
As expected, salivary cortisol concentration was sig-
nificantly greater in the morning compared with evening
experiments (𝐹
1,21
= 52.633,𝑃 < 0.001). Additionally, salivary
cortisol concentration was significantly less following MT
(𝐹
1,21
= 8.737, 𝑃 = 0.008). The interaction term time of
day × intervention was also significant (𝐹
1,21
= 7.477, 𝑃 =
0.012. Post-hoc analysis revealed a significant reduction in
salivary cortisol concentration following MT in the morning
but not the evening experiments (𝑃 = 0.001). Salivary cortisol
concentration data are shown in Figure 5.
Since salivary cortisol concentration significantly
reduced over the time it took to perform the MT task in
the morning, the pre-MT and post-MT salivary cortisol




















Figure 3: Increases in APBMEP amplitude after motor training are
not influenced by time of day. Average (𝑛 = 10) APBMEP amplitude
(mean ± SEM) recorded from 22 participants who participated in
two experimental sessions: morning (AM) and evening (PM) on
separate occasions. Average APBMEP amplitudes are shown before
(pre-MT) and after (post-MT)motor training. APBMEP amplitude
increased significantly following motor training, and this effect was























Figure 4: Relationship between motor performance improvement
and cortical excitability changes following MT. Linear regression
analysis revealed a nonsignificant relationship (𝑟2 < 0.01) between
acceleration ratio (max. acceleration post-MT/max. acceleration
pre-MT) andMEP facilitation ratio (MEP amplitude post-MT/MEP
amplitude pre-MT). Data include morning (unfilled circles) and
evening (filled circles) experiments.
the mean circulating cortisol level during MT. This was used
in the linear regression analysis of the association between
salivary cortisol concentration and both motor performance
and the extent of APB MEP facilitation. There was no
significant relationship neither between motor performance
and the (log of) average salivary cortisol concentration































Figure 5: Salivary cortisol concentration is higher in the morning
than the evening. Pre-MT salivary cortisol concentration in the
morning was significantly greater than all other samples (∗𝑃 <
0.001). Post-MT salivary cortisol concentration in the morning was
significantly greater than both evening samples, but significantly less
than pre-MT morning concentration (#𝑃 = 0.008).
MEP facilitation and the (log of) average salivary cortisol
concentration (𝑟2 = 0.016; Figure 6(b)).
4. Discussion
The principal finding from the present study was that the
ballistic motor training task induced changes in motor
performance and corticospinal excitability, but these changes
were not influenced by time of day or circulating cortisol
levels. Repeated maximal left thumb abduction for 30 min-
utes increased motor performance (indicated by an increase
in maximal acceleration of thumb abduction) and induced
an increase in corticomotor excitability of a thumb muscle
used in the task (measured as an increase in APB MEP
amplitude). However, the magnitude of the changes in both
motor performance and cortical excitability were similar in
the morning and evening sessions.
Thepresent studywasmotivated by earlier researchwhich
showed that the effectiveness of plasticity induced in human
motor cortex using paired associative stimulation is influ-
enced by the time of day, with neuroplasticity induced more
effectively in the evening compared with the morning [25,
26]. In addition, the effects induced with PAS were abolished
when salivary cortisol levelswere pharmacologically elevated,
suggesting that cortisol levelsmediate the effectiveness of PAS
[26]. The PAS paradigm, initially described by Stefan et al.
[15], repeatedly pairs a peripheral electrical stimulus with a
later cortical (TMS) stimulus delivered to the contralateral
motor region.The change in cortical excitability inducedwith
PAS is believed to represent associative plasticity induced in
motor cortex [15, 29]. This form of plasticity shares many
similarities with use-dependent plasticity that occurs follow-
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Figure 6: Relationship betweenmotor performance (a), cortical excitability (b), and salivary cortisol concentration. Linear regression analysis
revealed a nonsignificant (𝑟2 < 0.01) relationship between acceleration ratio (max. acceleration post-MT/max. acceleration pre-MT) and the
log of average salivary cortisol concentration (a). Linear regression analysis revealed a nonsignificant (𝑟2 = 0.02) relationship between MEP
facilitation ratio (MEP amplitude post-MT/MEP amplitude pre-MT) and the log of average salivary cortisol concentration (b). Data include
morning (unfilled circles) and evening (filled circles) experiments.
are thought to involve long-term potentiation-like changes
in synaptic efficacy [15, 30]. Furthermore, PAS and motor
learning interact in a homeostatic metaplasticity manner [2,
20–22]. Therefore, the present study sought to investigate
whether use-dependent plasticity, induced following a period
of motor training, is similarly influenced by the time of day
of training.
Performance of several motor tasks have been shown
to be dependent on time of day [31]. For example, force
discrimination [32], muscle strength [33], and performance
of a basic motor flicking [34] and serial response task [35]
are all influenced by time of day. However, none of these
studies examined whether the learning of these tasks was
influenced by time of day. Our results suggest that training-
related improvements in motor performance (Figure 1) and
cortical excitability (Figure 3) following motor training are
neither influenced by the time of day nor by diurnal changes
in circulating cortisol levels (Figure 6).
Although no time of day differences in motor perfor-
mance were reported following completion of the MT task,
perhaps the rate of improvement in performance during the
MT task was different in the morning and evening experi-
ments. That is, although the magnitude of the improvement
in motor performance was similar in morning and evening
experiments, the improvement in performance in the evening
experiments may have occurred more rapidly. McDonnell
and Ridding [36] demonstrated that there were differences in
the rate, rather than the overall magnitude, of improvement
in a grooved pegboard task following afferent stimulation
[36]. Analysis of the thumb acceleration data during the MT
task revealed that motor performance improved significantly
during the MT task, but the time-course of improvement
in performance was similar in the morning and evening
experiments (Figure 2(a)).
Selective attention is important in modulating the effec-
tiveness of neuroplasticity induced with TMS [23, 37]. If
subjects were not consistently attending to the training task,
we would expect to see greater trial-to-trial variability in
thumb acceleration. We do not think that time of day
differences in attention to the task influenced our results
as there were no significant differences in the trial-to-trial
variability of task performance for training conducted in the
morning versus evening sessions (Figure 2(b)).
There is good evidence that motor training increases
cortical excitability in motor regions of the brain. For
example, long-term learning of a sequential finger-thumb
opposition task induces focal increases in blood flow to
the primary motor cortex when participants perform the
trained movements, as assessed with functional magnetic
resonance imaging [38]. Moreover, a repetitive sequential
finger training task, which improves motor performance
(evidenced by reduced errors), results in an expansion of
motor cortical maps of the practicing muscles [39]. Using
a repetitive ballistic pinch training task, Muellbacher et al.
[27] also demonstrated an improvement in motor perfor-
mance following the training task, and showed that the
improvement in performance was associated with changes in
cortical excitability assessed with TMS. Several other studies
have demonstrated such a relationship between cortical
excitability and performance [37, 40, 41]. Since training-
related changes in cortical excitability appear related to
changes in motor performance, several studies have investi-
gated whether an experimentally-induced increase in cortical
excitability will influence motor performance. The results to
date have been equivocal. Some studies have demonstrated a
change in motor performance of the contralateral [42] and
ipsilateral hands [43, 44] following rTMS. However, there
have also been reports that an rTMS-induced increase in
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cortical excitability does not produce a change in motor per-
formance [45, 46]. When the time course of changes in these
two variables (cortical excitability and motor performance)
was assessed followingmotor training.Muellbacher et al. [27]
reported that whilst performance improvements remained 30
days after training, motor cortical excitability had returned to
baseline. One possible explanation may be that the training-
related neuroplastic change induced in the motor cortex,
as evidenced by an increase in cortical excitability, may
represent an early stage of motor learning [47] and that
consolidation of that memory occurs in a remote area of
the cortex. Also, individuals with a polymorphism in brain-
derived neurotrophic factor, a gene known to be important in
mediating neuroplastic change show performance improve-
ments following training, but do not show any training-
related change in cortical excitability as assessed with TMS
[6]. Our results, showing no significant correlation between
training-related changes in thumb acceleration and MEP
amplitude, further support the notion that the interaction
between performance improvements following training and
changes in cortical excitability assessed with TMS is complex.
We, therefore, contend that although similar neural circuits
are activated and subsequently modified by motor training
and various rTMS paradigms (including PAS), they are
(a) not identical and/or (b) are differentially sensitive to
inputs from other cortical/subcortical structures.The current
experimental design does not allow us to distinguish between
these options, but this could be addressed in future studies.
4.1. Is Time of Day an Important Variable to Consider When
Implementing a Training Regime? The results of the present
study suggest that time of day, and circadian variation in
circulating cortisol levels, do not influence the effectiveness
of short-term motor training. An important caveat of the
present findings is that we do report a null effect. A power
analysis undertaken on the acceleration and MEP data
revealed that both data sets were somewhat under-powered
(power = 0.74 and 0.66, resp.). With increased power,
achieved by testing more participants, we could state with
more confidence whether a time of day effect actually exists.
However, we consider a time of day influence on performance
and cortical excitability unlikely as the 𝑃 value obtained for
the critical time of day analyses for both performance (𝑃 =
0.599) and cortical excitability (𝑃 = 0.688) suggest that there
is a high likelihood that time of day does not influence motor
learning. In any case, our results suggest that the influence of
time of day on motor learning is subtle, at best. This finding
has implications in the cognitive domain, particularly when
treatment or training involves a repetitive, use-dependent
form of learning. Specifically, the results suggest that per-
formance improvements should occur equally effective and
irrespective of the time of day that training is undertaken.
However, it is becoming increasingly common to augment
repetitive (motor) training with repetitive peripheral and/or
cortical stimulation paradigms [48–51]. Prior activation of
targeted neural circuits with such paradigms may offer a way
of priming cortical circuits, making them more receptive
to subsequent training. We suggest that in these instances
factors that influence the effectiveness of TMS-induced
plasticity may, albeit indirectly, influence the effectiveness of
subsequent training. In this situation, the previous findings
of Sale et al. [25, 26] that time of day, and circulating cortisol
levels, influence the effectiveness of TMS-induced plasticity
in the motor cortex may be important.
In conclusion, a repetitive ballistic MT task improves
motor performance and increases motor cortical excitability
that outlasts the training period. However, the magnitude
of these changes is not influenced neither by the time of
day nor by physiological variations in endogenous salivary
cortisol concentration. These findings are of importance to
clinicians and researchers using therapies reliant on use-
dependent plasticity to improve function. They suggest that
the magnitude of improvements seen with repetitive training
tasks is similar for training conducted in the morning and
evening.
Conflict of Interests
The authors have declared no conflict of interests.
Acknowledgments
This work was supported by Grant no. 349452 from the
National Health and Medical Research Council (NHMRC)
of Australia. It formed a component of the PhD studies
of M.V. Scale who was supported by an NHMRC Dora
Lush Biomedical Research scholarship.The authors gratefully
acknowledge the assistance of ProfessorDavidKennaway and
the Adelaide Research Array Facility for the salivary cortisol
analyses.
References
[1] J. Scholz, M. C. Klein, T. E. Behrens, and H. Johansen-Berg,
“Training induces changes inwhite-matter architecture,”Nature
Neuroscience, vol. 12, no. 11, pp. 1370–1371, 2009.
[2] U. Ziemann, T. V. Iliac´, C. Pauli, F. Meintzschel, and D.
Ruge, “Learning modifies subsequent induction of long-term
potentiation-like and long-term depression-like plasticity in
human motor cortex,” Journal of Neuroscience, vol. 24, no. 7, pp.
1666–1672, 2004.
[3] E. Dayan and L. G. Cohen, “Neuroplasticity subserving motor
skill learning,” Neuron, vol. 72, no. 3, pp. 443–454, 2011.
[4] J. Doyon and H. Benali, “Reorganization and plasticity in the
adult brain during learning of motor skills,” Current Opinion in
Neurobiology, vol. 15, no. 2, pp. 161–167, 2005.
[5] J. A. Kleim, S. Chan, E. Pringle et al., “BDNF val66met poly-
morphism is associated with modified experience-dependent
plasticity in human motor cortex,” Nature Neuroscience, vol. 9,
no. 6, pp. 735–737, 2006.
[6] J. Cirillo, J. Hughes, M. Ridding, P. Q.Thomas, and J. G. Semm-
ler, “Differential modulation of motor cortex excitability in
BDNFMet allele carriers following experimentally induced and
use-dependent plasticity,”European Journal ofNeuroscience, vol.
36, no. 5, pp. 2640–2649, 2012.
[7] L. R. Cherney, A. S. Halper, C. M. Kwasnica, R. L. Harvey, and
M. Zhang, “Recovery of functional status after right hemisphere
stroke: relationship with unilateral neglect,” Archives of Physical
Medicine and Rehabilitation, vol. 82, no. 3, pp. 322–328, 2001.
8 Neural Plasticity
[8] N. C. Rogasch, T. J. Dartnall, J. Cirillo, M. A. Nordstrom, and J.
G. Semmler, “Corticomotor plasticity and learning of a ballistic
thumb training task are diminished in older adults,” Journal of
Applied Physiology, vol. 107, no. 6, pp. 1874–1883, 2009.
[9] R. G. Heimberg, “Cognitive-behavioral therapy for social anx-
iety disorder: current status and future directions,” Biological
Psychiatry, vol. 51, no. 1, pp. 101–108, 2002.
[10] A. C. Butler, J. E. Chapman, E. M. Forman, and A. T. Beck,
“The empirical status of cognitive-behavioral therapy: a review
of meta-analyses,” Clinical Psychology Review, vol. 26, no. 1, pp.
17–31, 2006.
[11] M. Hallett, “Transcranial magnetic stimulation and the human
brain,” Nature, vol. 406, no. 6792, pp. 147–150, 2000.
[12] A. Pascual-Leone, J. Valls-Sole, E.M.Wassermann, andM.Hal-
lett, “Responses to rapid-rate transcranial magnetic stimulation
of the human motor cortex,” Brain, vol. 117, no. 4, pp. 847–858,
1994.
[13] A. Berardelli, M. Inghilleri, J. C. Rothwell et al., “Facilitation of
muscle evoked responses after repetitive cortical stimulation in
man,” Experimental Brain Research, vol. 122, no. 1, pp. 79–84,
1998.
[14] Y. Z. Huang, M. J. Edwards, E. Rounis, K. P. Bhatia, and J. C.
Rothwell, “Theta burst stimulation of the humanmotor cortex,”
Neuron, vol. 45, no. 2, pp. 201–206, 2005.
[15] K. Stefan, E. Kunesch, L. G. Cohen, R. Benecke, and J. Classen,
“Induction of plasticity in the human motor cortex by paired
associative stimulation,”Brain, vol. 123, no. 3, pp. 572–584, 2000.
[16] M. C. Ridding and J. L. Taylor, “Mechanisms of motor-evoked
potential facilitation following prolonged dual peripheral and
central stimulation in humans,” Journal of Physiology, vol. 537,
no. 2, pp. 623–631, 2001.
[17] M. C. Ridding and S. C. Flavel, “Induction of plasticity in
the dominant and non-dominant motor cortices of humans,”
Experimental Brain Research, vol. 171, no. 4, pp. 551–557, 2006.
[18] M. C. Ridding, D. R. McKay, P. D. Thompson, and T. S.
Miles, “Changes in corticomotor representations induced by
prolonged peripheral nerve stimulation in humans,” Clinical
Neurophysiology, vol. 112, no. 8, pp. 1461–1469, 2001.
[19] C. S. Charlton, M. C. Ridding, P. D.Thompson, and T. S. Miles,
“Prolonged peripheral nerve stimulation induces persistent
changes in excitability of human motor cortex,” Journal of the
Neurological Sciences, vol. 208, no. 1-2, pp. 79–85, 2003.
[20] K. Stefan, M. Wycislo, R. Gentner et al., “Temporary occlusion
of associative motor cortical plasticity by prior dynamic motor
training,” Cerebral Cortex, vol. 16, no. 3, pp. 376–385, 2006.
[21] K. Rosenkranz, A. Kacar, and J. C. Rothwell, “Differential
modulation of motor cortical plasticity and excitability in
early and late phases of human motor learning,” Journal of
Neuroscience, vol. 27, no. 44, pp. 12058–12066, 2007.
[22] P. Jung and U. Ziemann, “Homeostatic and nonhomeostatic
modulation of learning in human motor cortex,” Journal of
Neuroscience, vol. 29, no. 17, pp. 5597–5604, 2009.
[23] M. R. Kamke, M. G. Hall, H. F. Lye et al., “Visual attentional
load influences plasticity in the human motor cortex,” Journal
of Neuroscience, vol. 32, no. 20, pp. 7001–7008, 2012.
[24] B. Cheeran, P. Talelli, F. Mori et al., “A common polymorphism
in the brain-derived neurotrophic factor gene ( BDNF) mod-
ulates human cortical plasticity and the response to rTMS,”
Journal of Physiology, vol. 586, no. 23, pp. 5717–5725, 2008.
[25] M. V. Sale, M. C. Ridding, and M. A. Nordstrom, “Factors
influencing the magnitude and reproducibility of corticomotor
excitability changes induced by paired associative stimulation,”
Experimental Brain Research, vol. 181, no. 4, pp. 615–626, 2007.
[26] M. V. Sale, M. C. Ridding, and M. A. Nordstrom, “Cortisol
inhibits neuroplasticity induction in human motor cortex,”
Journal of Neuroscience, vol. 28, no. 33, pp. 8285–8293, 2008.
[27] W. Muellbacher, U. Ziemann, B. Boroojerdi, L. Cohen, and
M. Hallett, “Role of the human motor cortex in rapid motor
learning,” Experimental Brain Research, vol. 137, no. 1, pp. 431–
438, 2001.
[28] J. C. Keel, M. J. Smith, and E. M. Wassermann, “A safety
screening questionnaire for transcranial magnetic stimulation,”
Clinical Neurophysiology, vol. 112, no. 4, article 720, 2001.
[29] A. Wolters, F. Sandbrink, A. Schlottmann et al., “A temporally
asymmetric Hebbian rule governing plasticity in the human
motor cortex,” Journal of Neurophysiology, vol. 89, no. 5, pp.
2339–2345, 2003.
[30] M. S. Rioult-Pedotti, D. Friedman, and J. P. Donoghue,
“Learning-induced LTP in neocortex,” Science, vol. 290, no.
5491, pp. 533–536, 2000.
[31] G. Atkinson and T. Reilly, “Circadian variation in sports
performance,” Sports Medicine, vol. 21, no. 4, pp. 292–312, 1996.
[32] L. S. Miller, T. W. Lombardo, and S. C. Fowler, “Time of day
effects on a human force discrimination task,” Physiology and
Behavior, vol. 52, no. 5, pp. 839–841, 1992.
[33] J. P. Wyse, T. H. Mercer, and N. P. Gleeson, “Time-of-day
dependence of isokinetic leg strength and associated interday
variability,”The British Journal of Sports Medicine, vol. 28, no. 3,
pp. 167–170, 1994.
[34] B. Edwards, J. Waterhouse, and T. Reilly, “The effects of
circadian rhythmicity and time-awake on a simple motor task,”
Chronobiology International, vol. 24, no. 6, pp. 1109–1124, 2007.
[35] A. Keisler, J. Ashe, andD. T.Willingham, “Time of day accounts
for overnight improvement in sequence learning,” Learning and
Memory, vol. 14, no. 10, pp. 669–672, 2007.
[36] M. N. McDonnell and M. C. Ridding, “Afferent stimulation
facilitates performance on a novel motor task,” Experimental
Brain Research, vol. 170, no. 1, pp. 109–115, 2006.
[37] K. Stefan,M.Wycislo, and J. Classen, “Modulation of associative
human motor cortical plasticity by attention,” Journal of Neuro-
physiology, vol. 92, no. 1, pp. 66–72, 2004.
[38] A. Karni, G. Meyer, P. Jezzard, M. M. Adams, R. Turner, and
L. G. Ungerleider, “Functional MRI evidence for adult motor
cortex plasticity during motor skill learning,” Nature, vol. 377,
no. 6545, pp. 155–158, 1995.
[39] A. Pascual-Leone, N. Dang, L. G. Cohen, J. P. Brasil-Neto, A.
Cammarota, and M. Hallett, “Modulation of muscle responses
evoked by transcranial magnetic stimulation during the acqui-
sition of new fine motor skills,” Journal of Neurophysiology, vol.
74, no. 3, pp. 1037–1045, 1995.
[40] U. Ziemann, W. Muellbacher, M. Hallett, and L. G. Cohen,
“Modulation of practice-dependent plasticity in human motor
cortex,” Brain, vol. 124, no. 6, pp. 1171–1181, 2001.
[41] M. I. Garry, G. Kamen, and M. A. Nordstrom, “Hemispheric
differences in the relationship between corticomotor excitabil-
ity changes following a fine-motor task and motor learning,”
Journal of Neurophysiology, vol. 91, no. 4, pp. 1570–1578, 2004.
[42] L. Ja¨ncke, H. Steinmetz, S. Benilow, and U. Ziemann, “Slowing
fastest finger movements of the dominant hand with low-
frequency rTMS of the hand area of the primary motor cortex,”
Experimental Brain Research, vol. 155, no. 2, pp. 196–203, 2004.
Neural Plasticity 9
[43] M. Kobayashi, S. Hutchinson, H. The´oret, G. Schlaug, and A.
Pascual-Leone, “Repetitive TMS of the motor cortex improves
ipsilateral sequential simple finger movements,” Neurology, vol.
62, no. 1, pp. 91–98, 2004.
[44] M. Dafotakis, C. Grefkes, L. Wang, G. R. Fink, and D. A.
Nowak, “The effects of 1 Hz rTMS over the hand area of M1 on
movement kinematics of the ipsilateral hand,” Journal of Neural
Transmission, vol. 115, no. 9, pp. 1269–1274, 2008.
[45] W. Muellbacher, U. Ziemann, B. Boroojerdi, and M. Hallett,
“Effects of low-frequency transcranial magnetic stimulation on
motor excitability and basic motor behavior,” Clinical Neuro-
physiology, vol. 111, no. 6, pp. 1002–1007, 2000.
[46] S. Rossi, P. Pasqualetti, P. M. Rossini et al., “Effects of repetitive
transcranial magnetic stimulation on movement-related corti-
cal activity humans,”Cerebral Cortex, vol. 10, no. 8, pp. 802–808,
2000.
[47] W. Muellbacher, U. Zlemann, J. Wissel et al., “Early consolida-
tion in human primarymotor cortex,”Nature, vol. 415, no. 6872,
pp. 640–644, 2002.
[48] F. Hummel, P. Celnik, P. Giraux et al., “Effects of non-invasive
cortical stimulation on skilled motor function in chronic
stroke,” Brain, vol. 128, no. 3, pp. 490–499, 2005.
[49] Y. H. Kim, S. H. You, M. H. Ko et al., “Repetitive transcranial
magnetic stimulation-induced corticomotor excitability and
associated motor skill acquisition in chronic stroke,” Stroke, vol.
37, no. 6, pp. 1471–1476, 2006.
[50] M. N. McDonnell, S. L. Hillier, T. S. Miles, P. D. Thompson,
andM. C. Ridding, “Influence of combined afferent stimulation
and task-specific training following stroke: a pilot randomized
controlled trial,” Neurorehabilitation and Neural Repair, vol. 21,
no. 5, pp. 435–443, 2007.
[51] M. Sommer, T. Kamm, F. Tergau, G. Ulm, and W. Paulus,
“Repetitive paired-pulse transcranial magnetic stimulation
affects corticospinal excitability and finger tapping in Parkin-
son’s disease,” Clinical Neurophysiology, vol. 113, no. 6, pp. 944–
950, 2002.





















Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
The Scientific 
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Neural  
Plasticity
Parkinson’s Disease
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Research and Treatment
Autism
Sleep Disorders
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Neuroscience Journal
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Epilepsy Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Psychiatry Journal
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Computational and 
Mathematical Methods 
in Medicine
Depression Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Brain Science
International Journal of
Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Neurodegenerative 
Diseases
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
Journal of
Cardiovascular Psychiatry 
and Neurology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2013
